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SUMMARY 

The s t r u c t u r e  of t h e  r e l a x a t i o n  zone behind a shock wave f r o n t  i n  t h e  a i r  
i s  s t u d i e d  by computer s o  as t o  a s c e r t a i n  t h e  reasons of t h e  i n c r e a s e  of t h e  
zone of nonequi l ibr ium i o n i z a t i o n .  It  i s  found t h a t  a s u b s t a n t i a l  maximum i s  
observed i n  t h e  concen t r a t ion  of molecular i ons  forming as a r e s u l t  of associa-  
t ive  i o n i z a t i o n  and charge-exchange. * * *  

The k i n e t i c s  of ae r i a l  plasma formation i n  the  s t r o n g  shock wave w a s  
considered up t o  t h e  p re sen t  t i m e  i n  two extreme approximations: f o r  shock 
wave v e l o c i t i e s  V >, 10 km/sec i n  the assumption of ended molecule d i s soc ia -  
t i o n  [ l ,  21 and f o r  V .( 9 km/sec i n  t h e  assumption of smallness  of i n f luence  
of i o n i z a t i o n  on gas c h a r a c t e r i s t i c s  131. I t  w a s  f o r e c a s t  i n  [l] and expe- 
r i m e n t a l l y  confirmed i n  [2 ]  t h a t ,  a s  V i n c r e a s e s ,  t h e r e  is an unusual increa-  
se i n  t h e  ex tens ion  of t h e  zone of nonequilibrium i o n i z a t i o n  L e  behind t h e  
shock wave f r o n t ,  f a c t ,  which i s  i t s e l f  of cons iderable  i n t e r e s t .  With t h e  
view of a s c e r t a i n i n g  the  cause of such a revea led  inc rease  Le, w e  undertook 
t o  r e s o l v e  numerical ly  by means of a computer t he  problem of t h e  s t r u c t u r e  
of t h e  r e l a x a t i o n  zone behind a s t rong shock wave f r o n t  i n  the  a i r .  

Assume t h a t  a t  V = 6 - 10 km/sec t h e r e  e x i s t s  i n  t h e  gas behind t h e  wave 
f r o n t  a l o c a l  equi l ibr ium by a l l  inner  degrees  of freedom ( f o r  N, t h e  charac- 
t e r i s t i c  d i s s i p a t i o n  t i m e  is  s i g n i f i c a n t l y  g r e a t e r  than t h e  t i m e  of o s c i l l a -  
t o r y  r e l a x a t i o n ) .  L e t  us  cons ider  s imultaneously the  nonequilibrium disso-  
c i a t i o n  processes  of 0,, N,, N O ,  the cha in  formation and decay mechanism of 
N O ,  t h e  i o n i z a t i o n  of O,, N,, NO, N ,  0 ,  A r  a t  heavy p a r t i c l e  and e l e c t r o n  
impact ,  t h e  a s s o c i a t i v e  i c n i z a t i o n  and charge-exchange (60 r e a c t i o n s  i n  a l l ) .  
We s h a l l  use f o r  i n i t i a l  expressions f o r  cons t an t s  of v e l o c i t y  processes  and 
c ross - sec t ions  t h e  dependences of [ 3  - 61; w e  s h a l l  then vary some of t h e  
cons t an t s .  The s o l u t i o n  of k i n e t i c  equat ions  f o r  concent ra t ions  of a l l  compo- 
I ~ G L L L ~  ( 6  n e u t r a l ,  6 i o n s ,  e i e c t r o n s j  have confirmed che presence of e i e c t r o n  
concen t r a t ion  maximum [e],, 
f r o n t ,  noted i n  [ 3 ] .  With f u r t h e r  h c r e a s e  of V , (V > 9 km/sec) , t h i s  maxi- 
mum d i sappea r s  and t h e  g r e a t e s t  concent ra t ion  [ e ]  i s  observed only i n  t h e  
s ta te  of equi l ibr ium [ e ]  (Fig.  1). 

a t  t i m e  of [elmax disappearance the  va lue  of Le in -  
creases by jump, inasmuch as i n  t h i s  case 

- ..- e - 
f o r  V < 9 km/sec a t  small  d i s t a n c e  from t h e  

Usually Le c o n d i t i o n a l l y  corresponds t o  
% 0.9-0.95 [elmax; 

[elmax = [ e ] .  The b a s i c  processes  
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lead ing  t o  t h e  v a r i a t i o n  of [ e ]  are t h e  a s s o c i a t i v e  i o n i z a t i o n  r e a c t i o n s  

N + O Z N O + + e ,  (1) 

N + N : $ +  e ,  (2)  

whi le  t h e  r o l e  of t h e  r e a c t i o n  0 + 0 t' O+, + e and the  i o n i z a t i o n  by elec- 
t r o n  impact f o r  V \< 10 km/sec i s  i n s i g n i f i c a n t .  The s o l u t i o n  al lows us  t o  
draw a p a t t e r n  of t h e  i o n i z a t i o n  process  i n  d i s s o c i a t i n g  a i r  a t  V = 6 t o  10 
!m/sec, 

A t  t h e  o u t s e t ,  as a r e s u l t  of stormy d i s s o c i a t i o n  of 0, and t h e  beginning 
of N Z  decay, t h e  ra te  of e l e c t r o n  formation Se behind t h e  f r o n t  rises rap id ly .  
A t  t h e  same t i m e  t h e  i n t e n s e  charge-exchange c u r t a i l s  t h e  number of NO+ and W,+ 
i ons  and d e c e l e r a t e s  t h e  development of reverse processes  ( l ) ,  (2 ) .  Subsequent- 
l y ,  t h e  charge-exchangeresul ts  i n  t h e  s e t t l i n g  of local equi l ibr ium between 
a l l  ions  i n  t h e  mixture ,  while  upon r a p i d  t o t a l  d i s s o c i a t i o n  
of 0 atoms becomes p r a c t i c a l l y  inva r i ab le .  The drop of temperature  i n  t h e  non- 
equi l ibr ium zone i s  a t tended  by a no tab le  decrease  of cons t an t s  K 1 ,  K, of 
r e a c t i o n s  (1) and (2)  (K, by a f a c t o r  of 10 a t  passage from 17,000 t o  12,000'K); 
t h i s  l eads  t o  a s i g n i f i c a n t  decrease of Se. 
d i s s o c i a t i o n  s t i l l  cont inues  and the  temperature drops,  a maximum of [ e ]  is 
formed. I n  t h i s  way, t h e  b a s i c  cause of [elmax formation is  t h e  s u b s t a n t i a l  
r a t e  of a s s o c i a t i v e  i o n i z a t i o n  (l), (2)  by comparison wi th  t h e  d i s s o c i a t i o n  
rate of n i t rogen .  

of 0, t h e  number 

I f  a t  the  same t i m e  t h e  n i t rogen  

A t  V = 9 - 10 km/sec n i t rogen  i n  equi l ibr ium d i s s o c i a t e s  p r a c t i c a l l y  en- 

t h i s  is why, as V i nc reases  i n  t h i s  reg ion ,  t he  equi l ibr ium tempera- 
t i r e l y ,  wh i l e  t h e  i o n i z a t i o n  s t i l l  does no t  con t r ibu te  s i g n i f i c a n t l y  t o  en- 
t ha lpy ;  
t u r e  T i n c r e a s e s  s u b s t a n t i a l l y ,  which r e s u l t s  i n  a g r e a t  rise of [ e ] .  For 
V >/ 9.5 km/sec, p rocesses  (1) and (2)  do not  have t h e  t i m e  t o  form [ e ]  'L [ e ]  
nea r  t h e  f r o n t ;  i n  t h i s  case, beczuse of temperature  drop, a s m a l l  rapproche- 
ment t o  [ e ]  t a k e s  p l ace  a f t e r  d e c e l e r a t i o n  processes  (1) and ( 2 ) ,  and [elmax 
is  absent .  The decrease  of cons tan ts  K , ,  K, l e ads  t o  t h e  s h i f t  of t h e  reg ion  
of [elmax vanish ing  toward the  s i d e  of smaller V. 

Subdividing t h e  zone of s e t t l i n g  of equi l ibr ium i o n i z a t i o n  i n t o  areas 
corresponding t o  t h e  induct ion  per iod A i  t o  t h e  per iod of i n t e n s i v e  rise 
Ap = [elmax / (Se)max and t o  t h e  period of As e q u a l i z a t i o n  (Fig.1,  next  page) ,  
w e  d e t e c t  t h a t  Ap undergoes no sharp jump, only inc reas ing  somewhat a t  V = 
10 km/sec on account of s i g n i f i c a n t  i n c r e a s e  of [ e ] ;  
s i n g  monotonical ly ,  becomes comparable wi th  t h e  th ickness  of t h e  wave f r o n t  
vor  V >/ 7 - 8 km/sec. For V 2, 9.5 km/sec t h e  l eng th  of L e  passes  from L e -  - b1-k LIP t~ Le - Ai-?- A p  -t- AB. The decrease  of t h e  cons tan t  of t h e  rate of N 
d i s s o c i a t i o n  b y a  f a c t o r  of 20, increases A by about 1.5 times (Fig.2) .  

t h e  l eng th  A i ,  decrea- 

P 

I n  t h e  nonequilibrium zone of t h e  flow behind the  f r o n t  a s i g n i f i c a n t  
maximum is observed i n  t h e  concent ra t ion  of molecular i ons  forming as a 
r e s u l t  of a s s o c i a t i v e  i o n i z a t i o n  and charge-exchange. This  may serve as an  
exp lana t ion  of t h e  peak of air r a d i a t i o n  behind t h e  wave f r o n t ,  observed i n  
experiment [71. 
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Fig. 1 

Character of [e] distribution behind the 
shock wave front at a velocity of 9 km/s 
(curve 11, 10 km/sec (curve 2) and 10 
km/sec (curve 3). The dashed lines cor- 
respond to the respective equilibrium 

level of [e] 

Fig. 2 

Length of the zone of nonequilibrium 
ionization as a function'of shock 
wave velocity at po = 1 mm Hg. The 
vertical strokes indicate the expee 
riments of [3], the horizontal ones - 
those of [ 2 ] ;  the line 1 corresponds 
to the calculation of [l] , the two 
variants being respectively shown by 

solid and dashed curves 
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